Background-Lengthening of the QT interval and torsades de pointes resulting in cardiac arrests and deaths have been noticed during treatment with cisapride, a newly developed gastrointestinal prokinetic agent. The rapid (I Kr ) and slow (I Ks ) components of the delayed rectifier current (I K ) are candidate ionic currents to explain cisapride-related toxicity because of their role in repolarization of cardiac ventricular myocytes. Our objectives were to (1) characterize effects of cisapride on two major time-dependent outward potassium currents involved in the repolarization of cardiac ventricular myocytes, I Kr and I Ks , and (2) determine action potential-prolonging effects of cisapride on isolated hearts. Methods and Results-A first set of experiments was performed in isolated guinea pig ventricular myocytes with the whole-cell configuration of the patch-clamp technique. Cells were held at Ϫ40 mV while time-dependent outward currents were elicited by depolarizing pulses lasting either 250 ms (I K250 ) or 5000 ms (I K5000 ). Effects of cisapride on the I Kr component were assessed by measurement of time-dependent activating currents elicited by short pulses (250 ms; I K250 ) to low depolarizing potentials (Ϫ20, Ϫ10, and 0 mV). Time-dependent activating currents elicited by long pulses (5000 ms; I K5000 ) to positive potentials (Ͼϩ30 mV) were recorded to assess effects of the drug on the I Ks component. A second set of experiments was conducted in isolated guinea pig hearts buffer-perfused in the Langendorff mode to assess effects of the drug on monophasic action potential duration measured at 90% repolarization (MAPD 90 ). Hearts were exposed to cisapride 100 nmol/L at decremental pacing cycle lengths of 250, 225, 200, 175, and 150 ms to determine reverse frequencydependent effects of the drug. Overall, 112 myocytes were exposed to seven concentrations of cisapride (10 nmol/L to 10 mol/L). Cisapride inhibited I Kr , the major time-dependent outward current elicited by short pulses (I K250 ) to low depolarizing potentials, in a concentration-dependent manner with an IC 50 of 15 nmol/L (therapeutic levels, 50 to 200 nmol/L). Conversely, block of I Ks by the drug was less potent (estimated IC 50 Ͼ10 mol/L). In isolated hearts (nϭ9 experiments), cisapride 100 nmol/L increased MAPD 90 by 23Ϯ3 (PϽ.05) at a basic cycle length of 250 ms but by only 7Ϯ1 ms (PϽ.05) at a basic cycle length of 150 ms. Conclusions-Block of I Kr gives an explanation to lengthening of cardiac repolarization observed in isolated guinea pig hearts.
T he newly developed prokinetic agent cisapride promotes motility throughout the length of the gastrointestinal tract by increasing the release of acetylcholine from postganglionic nerve endings of the myenteric plexus. 1, 2 Consequently, the drug is widely used for reflux esophagitis, functional dyspepsia, gastroparesis, and more recently, for chronic constipation and irritable bowel syndrome. 2 The most common adverse effects during cisapride therapy are relatively benign, such as transient abdominal cramping, borborygmi, and diarrhea. 3 However, inappropriate lengthening of the QT interval and induction of major cardiac rhythm disturbances, such as polymorphic ventricular tachycardia (torsades de pointes), have been observed in some patients. [4] [5] [6] [7] [8] [9] Although some of these episodes have occurred at high doses of cisapride, several cases of torsades de pointes and sudden deaths have been seen unexpectedly in patients, including children, receiving clinically recommended doses of the drug. 5, 7 The study of the electrophysiological mechanism(s) responsible for the development of torsades de pointes is an area of extensive investigation. Experimental studies and clinical ob-servations suggest that an abnormal repolarization due to block of outward repolarizing currents or to an increase in inward depolarizing calcium or sodium currents could be the cause of this phenomenon. 10 These assumptions are supported by the recent linkage of candidate genes for cardiac potassium and sodium channels with genetically inherited forms of the long-QT syndrome. [11] [12] [13] [14] [15] It is also believed that electrical intracardiac abnormalities resulting in early afterdepolarizations could cause triggered activity and torsades de pointes. 16 -18 Predisposing factors to the acquired forms of torsades de pointes include slow heart rate, hypomagnesemia, and hypokalemia. 10 However, recent studies have also indicated that treatment with class I and class III antiarrhythmic agents, nonsedating histamine H1 receptor antagonists, macrolide antibiotics, and antifungal agents may predispose patients to proarrhythmic events. 19, 20 Potassium currents responsible for limiting cardiac action potential duration vary depending on species and cell types. In guinea pig, dog, and human ventricular myocytes, the delayed rectifier current (I K ) is a major outward potassium current responsible for termination of the action potential plateau phase. [21] [22] [23] In these species, I K includes both a rapidly activating component (I Kr ) and a slowly activating component (I Ks ). [23] [24] [25] Although I Kr and I Ks exhibit interspecies differences in their microscopic constant characteristics, macroscopic characteristics of I Kr and I Ks are preserved across species.
23-26 I Kr is usually described as a small current that activates rapidly (relative to I Ks ). The current exhibits voltage-dependent fast inactivation, resulting in a decrease in peak I Kr activating current at potentials positive to 0 mV. 27 Recent studies using rabbit Purkinje fibers have demonstrated that cisapride prolongs cardiac repolarization and induces early afterdepolarizations. 28 Lengthening of cardiac repolarization was concentration-dependent (10 nmol/L to 10 mol/L) and exhibited reverse frequency-dependence characteristics. 28 These investigators demonstrated that cisapride exerts typical class III antiarrhythmic drug properties, thus explaining the lengthening of cardiac repolarization observed in humans during treatment with the drug. [4] [5] [6] [7] [8] [9] Conversely, the mechanism of action, ie, the modulation of specific ionic current(s) involved in these effects, has not been investigated yet. Therefore, the objectives of our study were (1) to characterize the effects of cisapride on two major potassium currents involved in repolarization of cardiac ventricular myocytes, namely I Kr and I Ks , using the whole-cell configuration of the patch-clamp technique and (2) to determine action potential-prolonging effects of cisapride on isolated hearts using monophasic action potential duration determined at 90% (MAPD 90 ) repolarization as an index of cardiac repolarization.
Methods
Experiments were performed in accordance with institutional guidelines of Laval University on animal use in research. Animals were housed and maintained in compliance with the Guide to the Care and Use of Experimental Animals of the Canadian Council on Animal Care.
Patch-Clamp Experiments

Cell Preparation and Solutions
Experiments were performed on single ventricular myocytes obtained from adult guinea pig hearts by use of an enzymatic dissociation technique. All solutions used during the cell isolation procedure were oxygenated and maintained at 37°C. The hearts were mounted on a Langendorff apparatus and retroperfused for 5 
Electrophysiological Measurements
A small aliquot of dissociated cells was placed in a 0.5-mL chamber mounted on the stage of an inverted microscope (model CK2, Olympus). Cells were allowed to adhere to the coverslip on the bottom of the chamber and were then superfused continuously with the external solution prewarmed at 30°C by a Peltier device (Medical System Corp). In our experiments, complete replacement of external solution contained in the chamber was achieved within 2 to 3 minutes when the superfusion rate was 2 mL/min.
All currents were recorded in the whole-cell, voltage-clamp configuration of the patch-clamp technique using an Axopatch-1D amplifier (Axon Instruments Inc). Voltage-clamp command pulses were generated by a 12-bit digital-to-analog converter (model TL-1, Axon Instruments Inc) controlled by the PCLAMP software package (version 4.05b, Axon Instruments Inc). Heat-polished patch-clamp pipette electrodes used (capillary glass from Radnoti Glass Technology Inc; Starebore glass capillary tubing, 1.2 mm OD) had a tip resistance of 3 to 5 M⍀ (when filled with the pipette solution). Series resistance was compensated 50% to 80% to improve the fidelity of whole-cell voltage-clamp measurements.
Protocols
Rod-shaped cells with clear cross-striations, resting potential of at least Ϫ78 mV, and stable delayed rectifier (I K ) currents (as assessed during a baseline period of at least 4 minutes) were used. Effects of cisapride on the rapidly (I Kr ) and slowly (I Ks ) activating components of I K were studied in cells held at Ϫ40 mV (to inactivate I Na ) and depolarized by pulses lasting either 250 ms (I K250 ) or 5000 ms (I K5000 ). Test potentials of depolarizing pulses varied between Ϫ20 and ϩ50 mV for I K250 but between 0 and ϩ50 mV for I K5000 . I K was measured by subtracting minimal amplitude of current measured during the first 20 ms of the pulse (outside the capacitive current) to the amplitude of activating current measured at the end of these pulses. After these pulses, cells were repolarized to Ϫ40 mV for at least 750 ms. In the presence of DMSO, the initial deactivation of I K (tail current) was truncated in a timeand voltage-dependent manner (see "Results" section for discussion). This suggests the induction of another yet unidentified current by DMSO. More importantly, it invalidates measurement of tail current amplitudes as an assessment of the magnitude of I Kr and/or I Ks .
Data Storage and Analysis
Currents were low-pass filtered at either 2 kHz (I K250 ) or 100 Hz (I K5000 ) by a four-pole Bessel filter (Ϫ3 dB/octave). Currents were sampled at 2 kHz (I K250 ) and 400 Hz (I K5000 ) by use of a 12-bit analog-to-digital converter (TL-1 DMA, Axon Instruments Inc) and stored on hard disk for subsequent analysis. Data are presented as meanϮSEM. Concentration-dependent block of I K250 and I K5000 was tested by Hotelling's T 2 test, and voltage dependency was tested by a conditional Hotelling's T 2 test. 30 In this analysis, a Shapiro-Wilk test was used to assess normality. The level of statistical significance was set at PϽ.05.
Experiments With Buffer-Perfused, Isolated Hearts
Heart Isolation and Perfusion Technique
Male Hartley guinea pigs (weight, 300 to 350 g; Charles River Laboratories, Montreal, Quebec, Canada) were anticoagulated by injection of heparin sodium (400 IU IP). Thirty minutes later, animals were killed by cervical dislocation, and the hearts were rapidly extirpated and immersed in cold (4°C) Krebs-Henseleit buffer containing (in mmol/L) glucose 11.2, KCl 4.7, CaCl 2 1.2, NaHCO 3 25, NaCl 118.5, MgSO 4 2.5, and KH 2 PO 4 1.2. This solution was continuously gassed with 95% oxygen plus 5% carbon dioxide (pH 7.4, 37°C) and filtered through a 5.0-m cellulose acetate membrane to remove any particulate contaminants. Each heart was cannulated and retrogradely perfused via the aorta with the Krebs-Henseleit buffer at a constant pressure equivalent to 100 cm H 2 O. To permit rapid exchange in perfusion solutions, a double "Baker" heart perfusion system (Ealing Scientific Ltd) and two parallel liquid columns were used.
Electrophysiological Measurements
Hearts were electrically stimulated (programmable stimulator model 5325, Medtronic) at a basic cycle length of 250 ms (4 Hz) at three times threshold via two silver electrodes implanted in the epicardium of the left ventricle. A monophasic action potential catheter (Langendorff probe model 225, EP Technologies Inc) was introduced in the left ventricle through the mitral valve and securely positioned to obtain a visually adequate signal (amplitude Ͼ5 mV, stable phase 4). During the protocol, monophasic action potential signals were recorded on a computer for a duration of 3 seconds (digital sampling rate, 1 kHz) and stored on hard disk for analysis. Monophasic action potential duration was determined by analyzing all complete beats in the 3-second data file. These values were averaged by use of a routine designed specifically for this purpose and incorporated into the computer program (CVRP97 Cardiovascular Research Partner, Datton System Enr). At least 10 complexes were used for each measurements.
Protocols
Hearts were perfused during a control period of 5 minutes to assess stability of the monophasic action potential signal. Monophasic action potential signals were recorded at a basic cycle length of 250 ms. Then, basic cycle length was changed to 225 ms, and the heart was paced for 1 minute before the monophasic action potential signal was recorded. 
Statistical Analysis
Only hearts with reversal of cisapride effects on reperfusion with buffer containing no drug were included in the analysis. Data on the magnitude of cisapride effects were analyzed with a Student's paired t test. Frequency-dependent effects were compared by conditional Hotelling's T 2 test. 30 All values are expressed as meanϮSEM. Statistical significance was set at PϽ.05.
Results
The poor solubility of cisapride or its salts (tartrate or hydrochloride) in aqueous milieu at pH 7.4 (such as the extracellular solution used to perfuse isolated ventricular myocytes) limits its study in in vitro systems. Several strategies were then tested to constitute a stable aqueous solution of cisapride at pH 7.4. These attempts revealed that the more favorable approach in the conduct of our study was to dissolve the hydrochloride salt of cisapride in a limited amount of DMSO (100 L) before dilution into the extracellular solution (final concentration of DMSO was 0.1% vol/vol). By doing so, we obtained solutions that were stable on the basis of visual inspection (no precipitation) for at least 8 hours at 37°C at a maximal concentration of 10 mol/L.
However, before the assessment of the effects of cisapride on time-dependent outward potassium currents, it was mandatory to test the effects of DMSO on activating and tail currents of I K250 and I K5000 . On examination of recordings obtained from cells exposed to DMSO 0.1% vol/vol, we noticed that tail currents of I K5000 and I K250 recorded at Ϫ40 mV after test pulses to low depolarizing potentials included a time-dependent inward current. Consequently, tail current amplitudes could not be measured to assess effects of cisapride on I K . We also noticed that amplitudes of I K250 and I K5000 activating currents could be reduced by DMSO. However, even higher concentrations of DMSO (0.5% vol/vol) did not alter the kinetics of activation of the elicited currents. This was confirmed by the absence of a time-dependent component in differential current obtained by subtracting normalized signals recorded at baseline and in the presence of DMSO for both I K250 and I K5000 . Fig 1 illustrates recordings of currents elicited by long pulses (5000 ms) at baseline and in the presence of cisapride 100 nmol/L. Activating current was elicited by a test pulse to ϩ50 mV, and deactivating tail current was recorded after repolarization to Ϫ40 mV. Under these conditions, I Ks represents the major component of I K5000 activating and tail currents. A small reduction in both activating and tail currents was observed in this cell on exposure to cisapride. A similar degree of inhibition was observed in 18 cells exposed to the same concentration of the drug (Fig 2) . We estimated that IC 50 for inhibition of I K5000 (mostly I Ks ) was Ͼ10 mol/L (Fig 2, inset) . The exact IC 50 for block of I K5000 could not be determined because of the poor solubility of cisapride at pH 7.4 for concentrations Ͼ10 mol/L. Fig 3A illustrates the current/voltage relationship of I K5000 activating current measured at baseline and in cells exposed to cisapride at a concentration of 1 or 10 mol/L (nϭ12 cells/concentration). Inhibition of I K5000 activating current by cisapride was voltage-dependent at l and 10 mol/L; greater inhibition was observed at low depolarizing potentials than at more positive potentials (PϾ.05; Hotelling's T 2 test; Fig 3B) . Fig 4 shows activating and tail currents of I K elicited by a 250-ms test pulse (I K250 ) to 0 mV, followed by repolarization to Ϫ40 mV under control conditions (baseline) and in the presence of cisapride 100 nmol/L. Activating current was decreased Ϸ60% by cisapride. Fig 5 reports that block of I K250 at low depolarizing potentials (0 mV) was reproducibly observed in 90 cells exposed to various concentrations of the drug (from 10 nmol/L to 10 mol/L). Interestingly, block of I K250 was biphasic, suggesting two sites for inhibition: (1) decrease in current amplitude reached a maximum of 60% to 70% inhibition at 100 nmol/L, (2) no further decrease in current amplitude was noticed even when concentrations were increased from 100 nmol/L to 1 mol/L, and (3) further block was observed only for concentrations Ͼ1 mol/L. Data suggest that the component of I K250 blocked by the lowest concentrations of cisapride corresponds to I Kr , whereas block observed at the highest concentrations corresponds to inhibition of a small fraction of I Ks elicited by a test pulse to 0 mV. Estimated IC 50 for inhibition of the I Kr component was 15 nmol/L (Fig 5, inset) .
Block of I K250 by cisapride was not only concentrationdependent but also voltage-dependent. Fig 6 illustrates time related and reversible on removal of the drug (Fig 7B) . Proarrhythmic events were not recorded with this technique, although phase 3 depolarization resembling early afterdepolarizations could be noted (Fig 7A) . Mean increases in MAPD 90 were 23Ϯ3, 19Ϯ2, 17Ϯ3, 15Ϯ2, and 7Ϯ1 ms at basic cycle lengths of 250, 225, 200, 175, and 150 ms, respectively ( Fig  8A) . These results clearly indicate reverse frequency-dependent effects of the drug on cardiac repolarization. (Fig 8B) .
Discussion
Results obtained in this study clearly indicate that cisapride possesses direct electrophysiological effects on major ionic currents involved in cardiac repolarization. Patch-clamp experiments in isolated guinea pig ventricular myocytes revealed selective block of I Kr over I Ks . In addition, isolated heart experiments demonstrated effects of the drug on ventricular muscle. Our results provide an explanation for QT lengthening observed during treatment with cisapride at therapeutic plasma concentrations of the drug. Moreover, concentrationdependent block of I Kr by cisapride explains cardiac toxicity observed in patients after overdosing. In other patients, the unheralded nature of cisapride-induced cardiac toxicity may be explained, on one hand, by increased plasma concentrations of the drug (due to either physiologically reduced clearance of cisapride or inhibition of its metabolism by other drugs) or, on the other hand, by combined administration of action potential lengthening agents. Many adult and pediatric case reports suggest a propensity of cisapride to cause arrhythmogenic effects during treatment with therapeutic doses or after overdose. [4] [5] [6] [7] [8] [9] In fact, from September 1993 to April 1996, the Food and Drug Administration's Med Watch reporting program received reports of 34 patients in whom torsades de pointes and of 23 in whom prolonged QT interval developed while the patients were using cisapride. 6 Interestingly, 32 of these 57 patients (56%) were also taking imidazole antifungal derivatives (ketoconazole, fluconazole, itraconazole, or metronidazole) or macrol- ide antibiotics (erythromycin or clarithromycin). Drug metabolism studies have clearly demonstrated that CYP3A4 is the principal enzyme involved into the biotransformation of cisapride into its major metabolite, norcisapride. 7, 8 Imidazole derivatives as well as macrolide antibiotics are well-known inhibitors of the cytochrome P450 system and more specifically, of CYP3A4. 31, 32 Under conditions of decreased CYP3A4 activity, plasma concentrations of cisapride are expected to rise significantly. Indeed, a 10-to 20-fold increase in cisapride plasma concentrations was noticed during the coadministration of fluconazole and erythromycin. 7 Cardiac toxicity observed during overdosing or limited clearance of the drug supports the concept that arrhythmogenic effects of cisapride are concentration-dependent. 4, 6, 7 Results obtained in our study are in agreement with this statement. In fact, we demonstrated a concentration-dependent decrease in two major currents involved in cardiac repolarization, namely, I Kr and I Ks . Estimated IC 50 for the inhibition of I Kr (15 nmol/L) is lower than mean plasma concentration (100 nmol/L) usually measured in patients during the administration of usual doses of the drug (data on file, Janssen Pharmaceutica). Consequently, lengthening of cardiac repolarization is to be expected in most patients treated with the drug. Conversely, IC 50 for block of I Ks is Ͼ10 mol/L and appears to be of no clinical relevance. However, during overdosing or limited elimination of cisapride, complete block of I Kr or combined block of I Kr and I Ks (although minimal) could lead to excessive lengthening of cardiac repolarization and cardiac toxicity. It is interesting to note that macrolide antibiotics and imidazole antifungals have also been associated with lengthening of the QT interval. [33] [34] [35] [36] Thus, the drug interaction between cisapride and macrolide antibiotics/imidazole antifungals could represent a competitive inhibition of drug metabolism synergistic with a pharmacodynamic interaction at the ionic channel proteins involved in cardiac repolarization.
The poor solubility of cisapride in aqueous medium is a limiting factor for its study in isolated biological systems. The manufacturer proposes dissolution of the drug in tartaric acid 0.4 mol/L, but unfortunately, the pH of the resulting solution is Ϸ3.0. When the pH is raised to 7.4, precipitation occurs. Others have suggested dissolution in mannitol/acetic acid, diluted lactic acid, or glacial acetic acid. [37] [38] [39] In our study, stable solutions of cisapride at pH 7.4 were obtained by dissolving the hydrochloride salt of the drug in DMSO before dilution into the extracellular solution used to perfuse isolated cells. Our studies demonstrated that even small concentrations of DMSO (0.1% vol/vol) alter the electrophysiological properties of cardiac ventricular myocytes. Nevertheless, we believe that analysis of activating current amplitude (but not of tail current amplitude) represents a reliable approach to assess effects of cisapride on time-dependent potassium currents.
Recent studies have demonstrated that both components of I K are present in human atrial and ventricular tissues. 23, 40, 41 Both of them could therefore be involved in drug action, leading to lengthening of the QT interval. Several studies performed recently have demonstrated that cardiac potassium currents may also be the target of nonantiarrhythmic agents. 36, [42] [43] [44] [45] [46] This may give an explanation to the unheralded nature of proarrhythmic events observed in patients during combined drug therapy with or without antiarrhythmic agents.
Conclusions
Our study indicates that lengthening of cardiac repolarization is to be expected in patients during chronic treatment with therapeutic doses of cisapride. Block of the rapid component of the cardiac delayed rectifier current (I Kr ) and lengthening of MAPD 90 were observed at clinically relevant concentrations of the drug. The degree of QT prolongation associated with cisapride therapy appears to depend on plasma concentrations of the drug, on the individual biotransformation capacity (CYP3A4 activity), and on the coadministration with other drugs causing pharmacokinetic (inhibition of CYP3A4) and/or pharmacodynamic (additional block of cardiac potassium currents) interactions. 
